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VWHHOXVLQJ$LU-HW (URVLRQ7HVWHU7KHFRDWLQJRI KLJKYHORFLW\R[\JHQIXHO+92) WKHUPDOVSUD\HGFRQVLVWHGRIGHWHUPLQLQJ
WKH GLIIHUHQFHV LQ WKH FRPSRVLWLRQPHFKDQLVP7KH FRDWHG VDPSOHVZHUH FKDUDFWHULVHG E\PLFUR9LFNHUV KDUGQHVV DQG;5'
(URVLRQ WHVWZHUH FRQGXFWHGZLWK DOXPLQD SDUWLFOH RI VL]H  PP DW WHPSHUDWXUH RI q& DW LPSDFW DQJOHV q q DQG
q7KH VXUIDFH PRUSKRORJ\ RI HURGHG KLJKHU LPSDFW DQJOH q VSHFLPHQ ZDV H[DPLQHG E\ VFDQQLQJ HOHFWURQ PLFURVFRS\
6(02QWKHEDVLVRIPLFURVWUXFWXUDODQGH[SHULPHQWDOUHVXOWVRIWKHSDUWLFOH PDVVHIIHFWRQWKHFRPSDUHGWKUHHFRPSRVLWLRQV




.H\ZRUGV &U&1L&UFRDWLQJV+92) WKHUPDOVSUD\ HURVLRQ
 ,QWURGXFWLRQ
&HUPHWFDUELGHFRPSRVLWHFRDWLQJVLQYROYLQJVXFKFHUDPLFSDUWLFOHVHPEHGGHGLQDPHWDOOLFPDWUL[ FDQEHXVHG WR
SURYLGH KLJK HURVLYH UHVLVWDQFH WR PHWDO VXEVWUDWHV >%DLN . + @ :& DQG &U& FDUELGHV DUH UHIUDFWRU\
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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PDWHULDOV SURPLVLQJ FDQGLGDWHV DV FRQVWLWXHQWV RI D SURWHFWLYH FRDWLQJ ZLWK HQKDQFHG UHVLVWDQFH DJDLQVW HURVLRQ
FRUURVLRQDQGPHFKDQLFDOZHDU >&KHQ- +HW DO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IXHO +92) SURFHVVHV PLQLPLVH GHFRPSRVLWLRQ RI WKH FDUELGH SKDVH GXH WR ORZHU KHDW HQWKDOS\ DQG VKRUWHU
GXUDWLRQ LQYROYHG LQ WKH FRDWLQJ SURFHVVHV >%DUEH]DW* HW DO @ ,Q DGGLWLRQ KLJKHU SDUWLFOH YHORFLW\ GXULQJ
GHSRVLWLRQSURYLGHVVHYHUDODGYDQWDJHVVXFKDVORZHUSRURVLW\KLJKHUERQGVWUHQJWKDQGKDUGQHVV
&KURPLXPFDUELGHVDUHXVHGDVDEUDVLYH&U& EHLQJKDUGHUWKDQVWHHOEXWVRIWHUWKDQWXQJVWHQFDUELGHV &KURPLXP
FDUELGH LV DQ H[WUHPHO\ KDUG UHIUDFWRU\ FHUDPLF PDWHULDO DQG GHPRQVWUDWHV H[FHOOHQW VWUHQJWK DQWLHURVLRQ DQG
FRUURVLRQSURSHUWLHVSHUPDQHQWQRQPDJQHWL]DELOLW\DQGVXUIDFHLOOXVWULRXVQHVV >%HQHVRYVN\) HWDO@,WKDV
WKHDSSHDUDQFHRIDJUD\SRZGHUZLWKRUWKRUKRPELFFU\VWDOVWUXFWXUH 'HVSLWHFKURPLXPFDUELGH¶VH[FHOOHQW ZHDU
DQG FRUURVLRQUHVLVWDQW SURSHUWLHV LW LV QRW XVHG DV SULPDU\ FDUELGH LQ LQGXVWU\ RZLQJ WR LWV ORZHU KDUGQHVV DQG
QRUPDO WHPSHUDWXUH  q& LQ FRPSDULVRQ WR RWKHU FDUELGHV VXFK DV WXQJVWHQ FDUELGH >*XR 4 HW DO @
6HYHUDO DWWHPSWV KDYH EHHQ PDGH WR LPSURYH WKH KDUGQHVV DQG ZHDU SURSHUW\ RI FKURPLXP FDUELGH FRDWLQJV E\
YDU\LQJWKHFRDWLQJWHFKQLTXHVSURFHVVLQJSDUDPHWHUVDQGFKDUDFWHULVWLFVRIWKHIHHGVWRFNSRZGHU >0XUWK\ -.1 DQG
9HQNDWDUDPDQ%@6R&KURPLXPFDUELGHLVXVHGLQFRPELQDWLRQZLWK1L&UZKLFKLPSURYHVWKHWRXJKQHVV










KDUGQHVVWHVWLQJ 3UHVHQFHRIFKURPLXPLQVWDLQOHVVVWHHOPDNHVLWFRUURVLRQUHVLVWDQW >+DUYH\@ $Q\VWDLQOHVV
VWHHOWKDWFRQWDLQVPRUHSURSRUWLRQRIPRO\EGHQXPFRQWHQWLVFDOOHGDVPRO\EGHQXPVWHHO &KHPLFDOFRPSRVLWLRQLV
JLYHQLQ7DEOH
6HOHFWFRPSRVLWLRQVRIFRDWLQJPDWHULDO &U&±1L&U LVYHU\ LPSRUWDQW WREHYHU\FDUHIXO LQ VHOHFWLQJDSSURSULDWH
SURSRUWLRQVFRDWLQJV\VWHPDVZHOODVFRUUHFWFRPSRVLWLRQRIFRDWLQJPDWHULDO,PSURSHUVHOHFWLRQDJDLQZLOOOHDGWR
SUHPDWXUH IDLOXUH +HQFH LW EHFRPHV YHU\ LPSRUWDQW WR VHOHFW D SURSHU FRDWLQJ FRPSRVLWLRQ DV WKH UHTXLUHPHQW
FKDQJHVZLWKGLIIHUHQW W\SHVRIVXUIDFHSUREOHPV([SHULPHQWVFDUULHGE\UHVHDUFKHUVKDYHVKRZQWKDW&KURPLXP
FDUELGHZLWKQLFNHOFKURPHPHWDOELQGHULQGLIIHUHQWSURSRUWLRQVFRDWLQJGRQHE\XVLQJGLIIHUHQWPHWKRGVRI WKHUPDO
VSUD\SURFHVV >0RKDQW\0 DQG .DPDO6HWDO@
%OHQGLQJ RI SRZGHU 7KH ILUVW VWHS LQ WKH IRUPLQJ RI SRZGHU FKURPLXP FDUELGH LV WKH PL[LQJ RU EOHQGLQJ ZLWK
1LFNHOFKURPHLQUHTXLUHGSHUFHQWDJHLQFUHPHQWVXSWRDVVKRZQ7DEOH7KH1LFNHOFKURPHSRZGHUVL]H
ZDVVLPLODUWR WKHFKURPLXPFDUELGHSRZGHU ,QWKLVZRUN WKUHHFRPSRVLWLRQVRI &U&1L&USRZGHU W\SH $PGU\
-DSDQZHUH VHOHFWHGDQGFRPSRVLWLRQDUHJLYHQLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRIGLIIHUHQWHOHPHQWVSUHVHQWLQWKH$,6,VXEVWUDWHPDWHULDOZW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624   M. Manjunatha et al. /  Procedia Materials Science  5 ( 2014 )  622 – 629 
7DEOH7KHGLIIHUHQWSRZGHUFKHPLFDOFRPSRVLWLRQVRI&KURPLXPFDUELGH1LFNHO FKURPH
&RDWLQJ 1RPLQDO&RPSRVLWLRQ 3RZGHUW\SH 3RZGHUVL]H5DQJHȝP
+DUGQHVV
+9NJ
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NHURVHQH DFHW\OHQH SURS\OHQH DQGK\GURJHQ DQGR[\JHQ DUH IHG LQWR WKH FKDPEHU&RPEXVWLRQSURGXFHV D KRW
KLJKSUHVVXUHIODPHZKLFKLVIRUFHGGRZQDQR]]OHLQFUHDVLQJLWVYHORFLW\3RZGHU LVSUHIHUDEO\ IHGD[LDOO\LQWRWKH
FRPEXVWLRQ FKDPEHU XQGHU KLJK SUHVVXUH RU IHG WKURXJK WKH VLGH RI QR]]OH ZKHUH WKH SUHVVXUH LV ORZHU 'XH WR
KLJKHU YHORFLW\ WKH ERQGVWUHQJWK RI WKH FRDWLQJV DUH KLJKHU7KH SRZGHU WR EH VSUD\HG DUH RIWHQ QRWPHOWHG EXW
DFFHOHUDWHGLQDKLJKWHPSHUDWXUHDQGKLJKYHORFLW\JDVVWUHDP FDXVLQJWKHSKDVHRIWKHVSUD\HGPDWHULDOWRFKDQJH
IURPVROLGWRSODVWLFVHPLPROWHQIRUP >5DVWHJDU)DQG5LFKDUGVRQ'(@:KHQWKHVHSDUWLFOHVVWULNHWKH
SUHSDUHG VXEVWUDWH WKH\ VROLGLI\ WR IRUPD YHU\GHQVH DQG ORZSRURVLW\ FRDWLQJ+92) LV EHVW UHFRPPHQGHG IRU














7KHGLIIHUHQW SKDVHVSUHVHQW LQ WKH FRDWLQJV LV LGHQWLI\E\XVLQJ ;UD\GLIIUDFWLRQ WHFKQLTXH 0RGHO;5'
6+,0$'-8-DSDQDW59&(%DQJDORUH7KHFKDUDFWHULVWLFGVSDFLQJRIDOOSRVVLEOHYDOXHVDUHWDNHQIURP-&3'6
FDUGV DQG ZHUH FRPSDUHG ZLWK GYDOXHV REWDLQHG IURP ;5' SDWWHUQV WR LGHQWLI\ WKH YDULRXV ;UD\ SHDNV DQG
ZDYHOHQJWKVREWDLQHG
 ;5D\0DSSLQJ6WXGLHV
;UD\ PDSSLQJ ZDV LQYHVWLJDWHG E\ XVLQJ VFDQQLQJ HOHFWURQ PLFURVFRSH 0RGHO -60 /9 6(086$ LQ
,,6F%DQJDORUH;UD\PDSSLQJDUHXVHG WRH[DPLQH WKH WZRGLPHQVLRQDOGLVWULEXWLRQRIHOHPHQWVRQD VSHFLPHQ
VXUIDFH)XQFWLRQVDYDLODEOH IRU WZRGLPHQVLRQDOGDWD LQFOXGHVLPSOH LPDJHSURFHVVLQJVXFKDVYDULRXVDULWKPHWLF
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59&( %DQJDORUH 9LFNHUV KDUGQHVV WHVW LV XVHG IRU YHU\ KDUG PDWHULDOV DQG SDUWV RI VPDOO FURVV VHFWLRQ $IWHU
PHWDOORJUDSKLFSUHSDUDWLRQFRQVLVWLQJLQFRDWHGVDPSOHFXWWLQJXVLQJDQDEUDVLYHVDZZLWKFRRODQWWKHVDPSOHVDUH
PRXQWLQJLQHSR[\ULQJVDQGLQSUHSROLVKLQJE\XVLQJSROLVKLQJPDFKLQHVRUSROLVKLQJXVLQJGLDPRQGVOXUULHVRQDQ




XVHG WR WHVW WKH HURVLRQ UHVLVWDQFH RI VROLG PDWHULDOV WR D VWUHDP RI JDV FRQWDLQLQJ DEUDVLYH SDUWLFXODWH 7KH
LQVWUXPHQWFDQEHFRQILJXUHGWRWHVWDVSHU$670*VSHFLILFDWLRQV7KHHURVLRQUHVLVWDQFHZDVGHWHUPLQHGXVLQJ












7KH ;UD\ GLIIUDFWLRQ SDWWHUQ RI WKH &U&1L&U   VSUD\HG FRDWLQJ LV VKRZQ LQ )LJ $ JUHDW SHDN
FKDUDFWHULVWLFRIDVXEVWDQWLDODPRXQWRIHOHPHQWDOFKURPLXP&ULVREVHUYHGRQWKHFRDWLQJ$KLJKHVWSHDNVKRZV
SUHVHQFH RI SXUH FKURPLXP &DUELGH 7KH GLIIHUHQW LQWHQVLWLHV RI SHDNV &U& DUH SUHVHQW LQ WKH FRDWLQJ 0LQRU











,PSDFWDQJOH Į ƕ DQG
(URGHQW6LOLFDRU$OXPLQDJPLQ 
7HVWWLPH W LQPLQXWHV 
(URGHQW/RDGLQJ / 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 
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7KHLQWHQVLW\RI&U2 SHDNLVDOVRIRXQGWRLQFUHDVHKHDWWUHDWPHQWDW & $EURDGPD[LPXPSHDNLQWKHUDQJH





YHORFLW\ XVLQJ D KLJKWHPSHUDWXUH HURVLRQ  WHVWHU +92) VSUD\HG FRDWLQJV &U&1L&U LPSURYH WKH HURVLRQ
UHVLVWDQFHRIWKHVXEVWUDWHHIIHFWLYHO\&RDWLQJ&U&1L&U KDVJRRGHURVLRQUHVLVWDQFHGXHWRLWVKLJKKDUGQHVVDQG
PRGHUDWH WRXJKQHVV (URVLRQ ZHDU LV D V\VWHPDWLF SHULRG DQG HYHU\ V\VWHP SDUDPHWHU LQIOXHQFHV LWV EHKDYLRXU
$PRQJ WKHVHSDUDPHWHUVWKHKDUGQHVVDQGWRXJKQHVVRIWKHWDUJHWDUHWKHPRVWLPSRUWDQW$JRRGHURVLRQUHVLVWDQW
WDUJHWPXVWEH WRXJKDQGKDUG 7KHHURVLRQ WHVWVZHUHFRQGXFWHG WRREWDLQ WZR W\SHVRIHURVLRQGDWDQDPHO\ WKH
HURVLRQPDVVORVVDQGWKHHURVLRQUDWHVIRUWKHKLJKHULPSDFWDQJOHVRIVDPSOHV$%DQG&FRDWLQJVOLVWHGLQWDEOH
7KHHURVLRQUDWHLVGHILQHGDVWKHUDWLREHWZHHQWKHFKDQJHLQWKHVDPSOHPDVVDQGWKHPDVVRILPSDFWLQJSDUWLFOHV
,Q HDFK F\FOH WKH VSHFLPHQZDV LPSDFWHG E\ D SUHZHLJKHG LQFUHPHQW RI SDUWLFOHPDVV$IWHU HDFK SDUWLFOHPDVV
LQFUHPHQWKDGLPSDFWHGWKHVDPSOHLWVVXUIDFHZDVFOHDQHGWKHVSHFLPHQZDVZHLJKHGDQGWKHFKDQJHLQVSHFLPHQ
ZHLJKWZDVUHFRUGHG7KHHURVLRQUDWHIRUHDFKVXFFHVVLYHSDUWLFOHLQFUHPHQWZDVGHWHUPLQHGIURPWKHUHODWLRQ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7KHDLPRIWKLVZRUNWRVWXG\WKHRQO\KLJKHULPSDFWDQJOH PLFURVWUXFWXUHVJLYHVEHWWHUUHVXOWVDQGVXJJHVWV
WKDWWKHFRDWLQJPDWHULDOEHKDYHVQHLWKHUDVSXUHO\GXFWLOHRUQRUSXUHO\EULWWOH











$     
%  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&     
)URP WKH)LJ JUDSKREVHUYHG WKDW HURVLRQ UDWH LV JUDGXDOO\ LQFUHDVHVZLWK LQFUHDVH LQ LPSLQJHPHQW DQJOH IURP
WR  WKHQ LW LVGHFUHDVHVDV LPSLQJHPHQWDQJOH LQFUHDVHV LW LVFRQFOXGHG WKDW WKHHURVLRQUDWH LVPD[LPXPDW
LPSLQJHPHQW DQJOH  DQG PLQLPXP DW  LPSDFW DQJOH (URVLRQ WHVWLQJ RI WKH VSUD\HG FRDWLQJV IRXQG WKDW
GHFUHDVLQJWKHFDUELGHFRQWHQWDQGRYHUDOOKDUGSKDVHFRQWHQWR[LGHVDQGFDUELGHVGHFUHDVHGWKHHURVLRQUDWHIRU
LPSDFW,QDGGLWLRQIRULPSDFWWKHHURVLRQUDWHUHPDLQHGIDLUO\FRQVWDQWUHJDUGOHVVRIFDUELGHRUKDUGSKDVH
FRQWHQW7KHWKUHHFRPSRVLWLRQVRIFRDWHGVDPSOHV&U& 1L&U JLYHVEHWWHUUHVXOWVIRUERWK DQG  WKDQDW
DQJOH,QWKHERWKFDVHVKLJKHURVLRQUDWHRFFXUDWDQG
 0LFUR6WUXFWXUDO&KDUDFWHUL]DWLRQRI(URGHG6XUIDFHV






DSSDUHQWO\ UHVXOWHG IURP IRUPDWLRQ RI SURWXEHUDQW GHIRUPHG OLSV DQG WKHLU VXEVHTXHQW IUDFWXUH E\ WKH LPSDFWLQJ
SDUWLFOHV%\FRPSDULVRQLPSDFWFUDWHUVRQZRUQVXUIDFHRI &U&1L&U FRPSRVLWHFRDWLQJDUHREYLRXVO\
VPDOOHU LQVL]H DQGGHSWKWKDQWKRVHRI LPSDFWDQJOH WKHUHE\LPSURYLQJWKHHURVLYHUHVLVWDQFHRIWKHVXEVWUDWH
)LQH VXUIDFH DQG VXEVXUIDFH VPDOO FUDFNV RFFXUUHG DW WKH PDUWHQVLWLF JUDLQV GXULQJ KLJK LQFLGHQW DQJOH HURVLRQ
LQGXFHGE\WKHUHVROYHGQRUPDOVWUHVV&UDFNLQJWKHUHIRUHZDVRQHRIWKHPDMRUPHFKDQLVPVLQYROYHGLQUHSHWLWLRXV
HURVLRQ IUDFWXULQJ IRU DOO WHPSHULQJ WUHDWPHQWV 6KRUW JURRYH DQG VPHDU FUDWHUV IURPKLJK LQFLGHQW DQJOH HURVLRQ
7KHVXUIDFHIHDWXUHVRIWKHFHQWUHRIWKHVPHDUFUDWHUDUHDOVRGRPLQDWHGE\JUDLQHMHFWLRQDQGVRPHODUJHUVFDOHG
IODNHVRIGHIRUPHGPDWHULDOVDVVHHQLQ)LJ DELWLVHYLGHQWIURPWKH%6(LPDJHLQ)LJFDQGGWKDWWKHVH
IODNHV FRQVLVW SULPDULO\ RI GHIRUPHG WDUJHW FKURPLXP ZLWK WUDFHV RI VPHDUHG HURGHQWPDWHULDO LQ VRPH UHJLRQV
7KHVHDQJOHVLQGXFHGUDQGRPGDPDJHGPDUNVPDUNHGVN\EOXHORQJDUURZ )RUWKHWZRSKDVHPDWHULDOWKHJUDLQ
ERXQGDU\SURYLGHVWKHFUDFNLQJVLWHGXULQJHURVLRQLPSDFW
 0LFURJUDSKVRI(URGHGVDPSOH%DW  LPSLQJHPHQWRI&U&1L&U &RDWLQJ
7KHPLFURJUDSKVRIVDPSOH% )LJHIJKLPSDFWDQJOHRIPRUSKRORJLHV LOOXVWUDWHVVLPLODUFUDFNHGDQG
FKLSSHGPRUSKRORJ\LQGLFDWLQJWKHVDPHEULWWOHHURVLRQPHFKDQLVPRFFXUUHG(URVLRQZDVWDJHVRFFXUUHGE\ODUJH
FUDFNLQJ DQG FKLSSLQJPHFKDQLVPRI IUDFWXUHG DQG ORRVHQHGSLHFHV WKH VL]HRIZKLFK LV GHWHUPLQHGE\ WKH VSODW
VL]HVRIFRDWLQJV&UDFNLQJLVWKRXJKWWRIRUPILUVWDW³VSODWERXQGDU\´GXULQJLPSDFWRISDUWLFOHV8QGHUFRQWLQXDO
LPSDFW RI SDUWLFOHV WKH UDGLDO DQG ODWHUDO FUDFNV GHYHORSHG WKHQ IUDFWXUHG DQG ORRVHQHG SLHFHVZHUH FKLSSHG RII
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